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 A mixed-mode polymeric sorbent was on-line coupled to liquid 
chromatography (LC) for the first time and applied it to the selective solid-phase 
extract a group of pharmaceuticals in complex environmental water samples. 
The mixed-mode polymeric sorbent is a high-specific surface area 
hypercrosslinked polymer resin (HXLPP) in the form of monodisperse 
microspheres further modified with 1,2-ethylenediamine (EDA) moieties. These 
properties allows its application as a weak anion-exchange (WAX) sorbent in 
the on-line solid-phase extraction (SPE) coupling. The on-line SPE-LC method 
developed using the HXLPP-WAX sorbent was successfully applied to 
percolate a large volume of ultrapure (500 ml), river (250 ml) and effluent 
sewage (100 ml) water samples. In all the cases, the HXLPP-WAX resin 
provided near total recoveries of the most acidic compounds studied and clean 
chromatograms. This is because the ion-exchange interactions enable a 
washing step to be added to the SPE protocol that removes the compounds 
with weak acidic, neutral and basic properties from the sample matrix.  
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 Solid-phase extraction (SPE) is a well-established technique for the 
extraction of different types of samples. Its popularity is largely due to the fact 
that many different types of sorbents can be used to extract a broad range of 
analytes [1-3]. Despite the availability of such a variety of sorbents research is 
still focusing on developing new ones. In the nineties the hypercrosslinked 
sorbents (with or without enhanced hydrophilicity) appeared. These sorbents 
had a greater capacity towards polar compounds than traditional macroporous 
polymeric sorbents because of their high micropore content and their 
correspondingly high specific surface area [4,5]. Subsequently, sorbents that 
improved the selectivity of the extraction process, such as molecularly imprinted 
polymers (MIPs), , were developed [6,7].  
 Nowadays, research into SPE materials focuses on dual-phase sorbents that 
combine both properties (i.e. capacity and selectivity) in a single material. 
These materials are called mixed-mode polymeric sorbents and they are based 
on a polymeric skeleton (which retains analytes through reversed-phase 
interactions) that contains ionisable functional groups (which can be tuned so 
that analytes are selectively retained through ionic interactions). In this type of 
sorbent, the matrix components (or interferences) and analytes can be eluted 
separately during the washing and the elution steps, respectively, by carefully 
choosing the pH and solvent in each SPE step. Depending on the ionic group 
attached to the resin, these sorbents are classified as anionic or cationic and 
also as strong or weak ion-exchange [3,8].  
 Most manufacturers are starting to present their own mixed-mode polymer 



























(Varian and Polymer Labs) as strong cation-exchange (SCX) sorbents; Oasis 
MAX (Waters) and SampliQ SAX (Agilent Technologies) as strong anion-
exchange (SAX) sorbents; Oasis WCX (Waters) and Strata X-WC 
(Phenomenex) as weak cation-exchange (WCX) sorbents; and Oasis WAX 
(Waters) and Strata X-AW (Phenomenex) as weak anion-exchange (WAX) 
sorbents. One common feature is that they are all based on a macroporous 
structure (specific surface area no higher than 800 m2 g-1).  
 In the light of this limitation, our research group developed different mixed-
mode polymeric sorbents on a hypercrosslinked structure (specific surface area 
higher than 1000 m2 g-1) and in the form of ~ 5 μm spherical particles. Both 
properties (high surface area and small particle size) led to an enhancement in 
capacity compared to the conventional macroporous structure. To date, we 
have synthesised hypercrosslinked resins (HXLPP) modified with 
ethylendiamine (EDA) and piperazine (both of which are WAX) [9], carboxylic 
acid (WCX) [10] and lauroyl sulfate (SCX) [11]. We have also successfully 
evaluated and compared them to commercial sorbents in off-line SPE to 
selectively enrich a family of analytes from complex environmental water 
samples after an effective washing step that removed the interferences from the 
matrix sample. Particularly, the HXLPP-WAX-EDA resin provided the best 
results [9] when compared to other resins both with macroporous and with 
hypercrosslinked structures, and in neutral form or carrying WAX moieties. 
 These preliminary results encouraged us to test the materials in on-line SPE 
coupling, since the size (~ 5 μm) and shape (monodisperse) of the sorbent 
particles (suitable for this configuration) improve efficiency in the extraction and 


























[12,13]. Moreover, to the best of our knowledge, only three studies [14-16] have 
applied  a mixed-mode polymeric sorbent (Oasis MCX [14], Strata X-CW [15] 
and Oasis WCX [16]) in on-line SPE-LC. 
 In the present study, we have evaluated the performance of a mixed-mode 
hypercrosslinked sorbent modified with an EDA moiety, which acts as a WAX 
sorbent, in on-line SPE-LC coupling to determine a group of pharmaceuticals in 
environmental water samples with improved levels of selectivity and sensitivity.  
 
2. Experimental 
2.1. Materials  
The reagents used for the polymer syntheses were divinylbenzene (DVB) 
(80% grade) supplied by Aldrich (Steinheim, Germany), and para-
vinylbenzylchloride (VBC) (95% grade) supplied by Fluka (Steinheim, 
Germany). They were both purified by being passed through a neutral alumina 
column. The 2,2’-azobisisobutyronitrile (AIBN) used as initiator was supplied by 
BDH (Poole, UK) and purified by recrystallisation from acetone. Ferric chloride 
(FeCl3) and anhydrous 1,2-dichloroethane (DCE) were used in the 
hypercrosslinking reaction and 1,2-ethylenediamine (EDA) was used to 
chemically modify the hypercrosslinked resin; all were supplied by Aldrich. 
The analytes selected to evaluate the sorbent were a group of 
pharmaceuticals and personal care products (PPCPs): antipyrine, 
benzophenone-3 (BP-3), benzylparaben, 2,2’-dihydroxy-4-
methoxybenzophenone (DHMB), carbamazepine, fenoprofen, gemfibrozil, 



























chemical structures and pKa values of all the analytes are shown in Table S1 
(electronic supplementary material). 
Standard 1000 mg l-1 stock solutions were prepared for each analyte in 
methanol. Working solutions of a mixture of all compounds were prepared in 1:1 
MeOH:H2O (v/v). All solutions were stored at 4 ºC. 
Ultrapure reagent water purified by a Milli-Q gradient system (Millipore, 
Bedford, MA, USA) was used throughout. Acetonitrile (ACN), methanol (MeOH) 
(both HPLC grade) and acetic acid were purchased from SDS (Peypin, France). 
Ammonium chloride (NH4Cl) and ammonium hydroxide (NH4OH), which were 
used to prepare the mobile phase buffer, were from Aldrich. Hydrochloric acid 
(HCl) and sodium sulphite (Na2SO3) were purchased from Probus (Badalona, 
Spain), sodium hydroxide (NaOH) from Panreac (Barcelona, Spain), and 
sodium acetate (CH3COONH4) from VWR (Mollet del Vallès, Spain). 
 
2.2. Instrumentation 
The on-line SPE-LC-UV system is represented in Fig.1. The system used a 
Must column switching device (Spark Holland, Emmen, The Netherlands), 
which consisted of two six-port valves and a solvent distribution system, a LC-
10AS pump (Shimadzu, Tokyo, Japan), which was used to deliver the sample 
and a stainless-steel pre-column (dimensions 20 x 2 mm I.D.), which was 
packed manually using a packing funnel with ∼ 30 mg of the sorbent, fitted with 
2 µm stainless-steel frits, all purchased from Upchurch Scientific (Oak Harbor, 
WA, USA). The pre-column was on-line coupled to a liquid chromatographic 
system which consisted of two LC-10ADVP pumps, a DGU-14A degasser and a 


























Technologies (Waldbronn, Germany) Series 1100 UV spectrophotometric 
detector. The two separated pumps enable the compounds retained on the pre-
column to be eluted with just one of the solvents in the mobile phase. After 
elution, the eluting solvent is mixed with the other solvent to form the mobile 
phase that separates the analytes in the analytical column. The loop for direct 
injection was 20 μl and the analytical column was a 150 x 4.6 mm I.D. stainless-
steel column packed with Zorbax Eclipse XDB C18, 5 μm (Agilent 
Technologies), which is extra silanol-endcapped and suitable for working over a 
wider range of pH 2 - 9. 
 
2.3. Resin synthesis 
The synthesis procedure is described in a previous paper [9]. Briefly, an 
optimised precipitation polymerisation (PP) protocol consisted of mixing the 
monomers (75% w/w VBC and 25% w/w DVB) (2% w/v total monomer in feed 
relative to solvent) and AIBN (2 mol% relative to polymerisable double bonds) 
which were added to acetonitrile (1000 ml) in a 1000 ml glass bottle. The 
monomer solution was de-oxygenated with N2 at 0 oC and the bottle then placed 
on a low-profile roller (Stovall, Essex, UK) in a temperature-controllable 
incubator (Stuart Scientific, Surrey, UK). The temperature was ramped from 
ambient to 60 oC over a period of ~ 2 hours and the polymerisation was allowed 
to proceed at 60 oC for a further 46 hours. The resulting particles (6.66 ± 0.18 
µm in diameter) were filtered on a 0.2 µm nylon membrane filter and washed 
successively with MeOH, toluene and acetone, before drying to constant mass 


























For the hypercrosslinking reactions, the PP particles (4.5 g) and DCE (40 ml) 
were placed in a round-bottomed flask (100 ml), and the mixture left under 
nitrogen for 1 hour to swell the beads. Then, FeCl3 (in a 1:1 molar ratio of 
-CH2Cl:FeCl3) suspended in DCE (40 ml) was added. The mixture was heated 
rapidly to 80 ºC and kept at this temperature for 18 hours. The hypercrosslinked 
particles (HXLPP) were filtered, washed with MeOH and then washed several 
times with aqueous HNO3 (pH 1). The particles were extracted overnight with 
acetone in a Soxhlet extractor and washed again with MeOH and diethyl ether 
before overnight drying to constant mass in vacuo at 40 oC. 
For the EDA modification reaction, the hypercrosslinked resin (HXLPP) (1 g) 
and dried toluene (80 ml) were placed in a round-bottomed flask (100 ml), and 
the mixture left under nitrogen for 1 hour to wet the beads. Then, EDA (in a 5 
molar excess relative to -CH2Cl) was added to the solution. The mixture was 
heated rapidly (in about 10 minutes) to 85 ºC and kept at this temperature for 18 
hours. The HXLPP-WAX particles were filtered and washed with ~ 100 ml of 
toluene, MeOH, MeOH:H2O and several times with aqueous 5% (w/v) NaHCO3 
(pH 9) and water. The resin was extracted overnight with acetone in a Soxhlet 
extractor before drying overnight in vacuo at 40 oC. 
The HXLPP-WAX was characterised by measuring its specific surface area 
(1000 m2 g-1) using a BET treatment of nitrogen sorption isotherm data 
generated on a Micromeritics ASAP 2000 porosimeter. The nitrogen content 
(0.75 meq g-1) for the resin was obtained with elemental microanalysis from a 
Carlo-Erba EA 1106 instrument. Scanning electron microscopy (SEM) images 



























particle size distributions (6.66 ± 0.18 µm) were calculated using ImageJ 
software from the SEM image analysis of 100 individual particles. .  
 
2.4. Chromatographic conditions 
The mobile phase was a mixture of solvent A: 80% buffer containing 28 mM 
NH4Cl and 50 mM NH4OH at pH 9.2 / 20% acetonitrile (v/v), and solvent B: pure 
acetonitrile. The flow-rate was 1 ml min-1 and the temperature of the column 
oven was set at 30 ºC. The gradient profile was 2% solvent B for the initial 5 
min, then to 20% solvent B in 10 min, to 100% solvent B in 10 min (held for 2 
min), after which the mobile phase was returned to the initial conditions (2% 
solvent B) in 4 min. 
The wavelength used to detect the compounds throughout the analysis was 
210 nm. 
 
2.5. Solid-phase extraction procedure 
The in-house synthesised hypercrosslinked HXLPP-WAX-EDA sorbent was 
laboratory packed (∼ 30 mg) into a 20 x 2 mm I.D. stainless-steel precolumn 
used for on-line trace enrichment in the SPE process. The same packed column 
was used for the whole study.  
A Shimadzu LC-10AS pump connected to the Must column switching device 
was used to load the volumes of the solvent and the sample to be extracted. 
The final set-up and protocol used was as follows: the SPE precolumn was 
conditioned with 5 ml of MeOH and 5 ml of ultrapure water (pH 7); the water 
sample (adjusted to pH 7 with HCl or NaOH) with volumes ranging from 50 to 


























washed by passing 1 ml of pure MeOH through the precolumn. The flow-rate 
was 2 ml min-1 in all these steps. The retained analytes were desorbed using 
solvent A in the back-flush mode to reduce band-broadening, and then on-line 
transferred to the analytical column (Figure 1). Solvent A was then mixed with 
solvent B from the LC mobile phase prior to  entering to the analytical column 
[17]. 
Real water samples (river water and effluent waste water from a treatment 
plant in Tarragona) were adjusted to pH 7 with HCl and filtered through 0.45 μm 
nylon membranes (Osmonics Inc., Minnetonka, MN, USA) before the 
preconcentration step to eliminate the particulate matter.  
 
3. Results and discussion 
To evaluate the performance of the WAX technology over a range of pH we 
selected a suitable group of analytes with a range of acidic/basic properties. 
These analytes contain functional groups classified as acidic (pKa < 6), weak 
acidic (pKa > 6) and basic (conjugated pKa or pKb > 6). The main idea when 
using a WAX sorbent is to selectively elute the most acidic analytes after 
washing the interferences, among which were the weak acidic, neutral and 
basic compounds.  
3.1. LC conditions 
In an on-line SPE-LC set-up, the elution solvent used in SPE is the same as 
one of the solvents in the mobile phase used in LC. Therefore, one of the initial 
steps in designing the on-line SPE using the HXLPP-WAX sorbent is to find a 



























mobile phase that can subsequently separate the analytes that were eluted 
from the precolumn.  
The optimum conditions for eluting the analytes from the WAX sorbent are a 
basic solution, which ensures that the sorbent (pKa ~ 6) becomes neutral so that 
the compounds with pKa < 6 (which are in the anionic form) are eluted by 
passing the organic solvent. With this in mind, we tried different approaches as 
mobile phase to check under which conditions the analytes were well-
separated. In the initial experiments, we tried using a basic organic mobile 
phase based on 120 mM NH4OH in ACN or 5 mM NaOH in ACN and ultrapure 
water. Two separated LC pumps were used. One of them pumped the organic 
mobile phase (acting as elution solvent), which after passing through the 
precolumn was mixed with the aqueous mobile phase, pumped by the other 
pump. These initial mobile phases were ruled out mainly because of problems 
such as controlling the (basic) pH in the organic solvent, which in turn gave 
problems of column stability and day-to-day reproducibility in the LC separation.  
Therefore, from these initial experiments, it seems that the pH needs to be 
controlled by the aqueous mobile phase. On this premise, we prepared a 
buffered basic solution at pH 9.2 (consisting of 28 mM NH4Cl and 50mM 
NH4OH in ultrapure water) as the aqueous mobile phase and pure ACN as the 
organic mobile phase. With this new mobile phase mixture, the on-line pump 
configuration was changed so that the aqueous mobile phase was the elution 
solvent that passed through the precolumn and which was later mixed with the 
organic mobile phase to perform the LC separation. This configuration is the 
one presented in Fig. 1. The buffered aqueous solution avoided stability 






















this basic aqueous mobile phase has not enough strength to elute the analytes 
retained in the precolumn. Therefore, the next challenge was to add different 
percentages of organic solvent to the aqueous mobile phase to make it strong 
enough to elute the analytes. To increase the elution strength, we added 
different % ACN: 5, 10, 15, 20, 25 and 30. The rest of the solution (between 
95% and 70%) was the basic aqueous buffer. Of the percentages tested, only 
the solutions that contained 10 to 20% ACN were able to elute the analytes 
retained in the WAX sorbent and separate them in the following LC column. 
Finally, we chose the solution that contained 20% ACN because the LC 
separation took place in the shortest time. In summary, the mobile phase 
consisted of solvent A, which was a mixture that contained 80% NH4Cl/NH4OH 
buffer at pH 9.2 and 20% ACN (v/v), and solvent B which was pure ACN. 
Solvent A was used as the elution solvent in the SPE.  
   
 
3.2. SPE optimisation 
All the experiments performed in the SPE optimisation were carried out by 
loading 50 ml of ultrapure water sample spiked with the analyte mixture at 4 µg 
l-1 through the precolumn.  
 





The first parameter to be optimised was the sample pH. We first adjusted the 
sample to three different pHs: 3, 7 and 10. The retention of the most acidic 
analytes was ~ 100% at pH 7. On the other hand, the recoveries of the acidic 

















because the acidic analytes adopted both the ionic and neutral form. The acidic 
analytes were not totally recovered at pH 10, however, since the sorbent could 
not be protonated under these conditions. These results are as expected 
because at pH 7 the compounds with pKa < 6 should be deprotonated and, at 
the same time, the sorbent (which can establish ionic-interactions with the 
deprotonated compounds) and the compounds with pKa > 6 are protonated.  
Some protocols [8,9] recommend the addition of an equilibration step after 
the loading sample step in order to activate the sorbent (i.e. to turn on the ion-
exchange properties of the WAX sorbent). However, in our experiments the 
addition or not of 0.2 ml of the equilibration solution (i.e. 25 mM sodium acetate 
adjusted to pH 5 with acetic acid) made no difference to the recovery values of 
the analytes when the sample was loaded at pH 7. This means that the sorbent 
is already activated at the sample pH. Therefore, the equilibration step was 
eliminated from the SPE protocol, which made it simpler.  
 










For the washing step, we studied the optimum volume of MeOH required to 
wash out interferences bound to the sorbents through reversed-phase 
mechanisms (including those compounds with pKa > 6), whilst retaining the 
most acidic compounds (pKa < 6) on the sorbent through anion-exchange 
interactions. We tested volumes of MeOH ranging from 0.25 ml to 1.5 ml. Table 
1 lists the recovery values after loading 50 ml of sample at pH 7 spiked at 4 µg l-
1 with the analyte mixture and testing different volumes of MeOH as the 
washing solvent. A 0.5 ml volume of MeOH was enough to remove all the 



























remained bound to the sorbent with recoveries higher than 90%. With the 
highest volume of MeOH tested (1.5 ml), however, the recoveries of the most 
acidic analytes started to decrease. Finally, we selected 1 ml of MeOH as the 
washing solvent since the recovery values of the most acidic compounds did 
not decrease significantly (fenoprofen recovery was the lowest, 86%). 
Moreover, using 1 ml instead of 0.5 ml of washing solvent might remove more 
interferences in complex samples, thus helping to quantify the selectively 
retained analytes.  
 The on-line SPE-LC system analyses all the eluate from the SPE extract, 
which provides better preconcentration factors and sensitivity than the off-line 
systems. However, when handling real samples, all the organic matter present 
in the matrix usually appears in the form of an initial band, which might mask 
some of the analytes. Therefore, the washing step performed in a sorbent that 
is on-line connected to the LC column should be more effective than that in an 
off-line system. A successful washing step with organic solvent is only possible 
with sorbents that can establish specific interactions with the analytes studied, 
such as molecularly imprinted polymers (MIPs) and mixed-mode ion-exchange 
sorbents. In the MIP case, the washing solvent could not be water compatible; 
therefore, the on-line connection of MIPs to LC is not always trivial because 
some solvents are incompatible and the MIP needs to be dried before the 
washing step, which is easier in off-line systems [7]. In this scenario, mixed-
mode ion-exchange sorbents might be more straightforwardly on-line connected 
to LC since these sorbentsdo not need to be dried and the common washing 
solvent used are MeOH or ACN basis. Bearing this alternative in mind, to the 











been on-line connected to LC and has been able to selectively retain a group of 
analytes after being washed with 1 ml of MeOH.  
In the elution step, the only parameter we investigated was the optimisation 
of the elution solvent, which was studied during the LC separation (section 3.1). 
Now, with the other SPE steps having been optimised we confirmed that a 
solution based on 80% NH4Cl/NH4OH buffer at pH 9.2 and 20% ACN (v/v) was 
suitable for completely eluting the analytes attached to the resin by ionic 
interactions.  
 















After studying the parameters that affect the proper retention/elution of the 
HXLPP-WAX sorbent and selecting the optimum conditions, we then tested the 
effect of varying the sample loading volume to determine the highest volume in 
order to decrease the limits of quantification. Table 2 lists the recovery values 
for different volumes (i.e. 100 ml, 250 ml and 500 ml) percolated through the 
HXLPP-WAX sorbent on-line connected to LC with and without the washing 
step with 1 ml of MeOH. From the results we can see that the recoveries for the 
most acidic compounds (which are retained to the sorbent through reversed-
phase and ionic interactions) in all the volumes tested, whether or not the 
washing step was included, are near to 100% (only the recovery of fenoprofen 
dropped to ~ 90%) whereas after the washing step with 1 ml of MeOH the other 
compounds studied in this work (with weak acidic and basic properties) were all 
washed out. This confirms that the protocol used for the HXLPP-WAX sorbent 



























can on-line percolate as much as 500 ml of sample spiked at low levels (0.4 μg 
l-1) of the analyte mixture after an effective washing step without losses.  
It is interesting to observe the behaviour of the analytes with weak acidic 
properties (i.e. DHMB, BP-3, triclosan and benzylparaben, the pKa of which 
ranged from 7 to 8) when the washing step is not included in the SPE protocol. 
They are only partially retained on the HXLPP-WAX resin after the sample has 
been loaded; for instance, DHMB was ~ 40 % recovered and triclosan was just 
~ 20 % recovered for all the volumes tested. As the recovery values for all the 
volumes tested were similar (that is, their recoveries did not decrease as the 
sample loading volume increased) this problem might not be related to the 
breakthrough volume of the analytes. Moreover, initial experiments at pH 3 
revealed that these compounds were totally retained but they were completely 
removed after the washing step was added. Therefore, the partial retention of 
the weak acidic compounds can be explained by the inadequate sample 
conditions used. At pH 7, then, these analytes are in equilibrium between the 
protonated and non-protonated form, so they cannot be quantified as one single 
form. However, as stated in section 3.2.1, adjusting the sample at pH 3 is not 
advisable since the peak shape of the acidic analytes was broad and difficult to 
quantify. In any case, in the selected conditions with the sample at pH 7 and 
using the washing step,  the sorbent is more selective because the weak acidic 
compounds are completely removed and the most acidic compounds are 
retained by the sorbent.  
As for the basic compounds, antipyrine and metroprolol could be completely 
recovered after loading the sample, without including the washing step. The 



























500 ml of the water sample. However, the recovery of carbamazepine in the 
same conditions was only ~ 60 %. In fact, carbamazepine even gave some 
fractionation problems when it was off-line percolated through the same 
HXLPP-WAX resin [9]. The most important fact, however, is that all the basic 
analytes were completely removed after the washing step, and that the most 
acidic analytes were selectively retained. 
The high capacity shown by resin HXLPP-WAX can be attributed to its 
physical and chemical characteristics since it has a hypercrosslinked network 
(which can establish strong reversed-phase interactions with the analytes) 
further modified with amine moieties (which establish anionic interactions with 
the deprotonated analytes). This high capacity might also be due to the small 
particle size and the spherical characteristics of the HXLPP-WAX sorbent, 
which lead to a more efficient packing of the sorbents and, eventually, to a more 
efficient and reproducible extraction procedure. In fact, a similar resin based on 
precursor HXLPP [18] was also able to on-line percolate 500 ml of sample; in 
this case, however, the washing step was not included since the nature of the 
resin was only able to establish reversed-phase interactions with the analytes. 
In that case, the HXLPP resin could not achieve selectivity, which was a 
problem when used with more complex samples. . 
 
3.3. Application to real samples 
To show the effectiveness of adding a washing step to the SPE protocol, we 
applied the optimised SPE protocol using the HXLPP-WAX sorbent to the on-
line preconcentration of two complex aqueous samples: Ebre river water and 



























environmental samples were filtered through a 0.45 μm nylon membrane and 
adjusted their pH to 7, without further treatment. At this point, we should point 
out that to achieve similar recoveries to ultrapure water, the loaded volume of 
real samples decreases as the complexity of the sample increases. 
A 250 ml of Ebre river water sample spiked at 0.4 μg l-1 with the analyte 
mixture was on-line SPE-LC-UV analysed. Table 3 summarises the recovery 
values for the real water samples tested using the SPE protocol with and 
without the washing step with 1 ml of MeOH. When the washing step was 
applied the most acidic compounds (pKa < 6) of the mixture were almost 
completely recovered (% R ~ 90%). Under similar SPE conditions when the 
washing step was not applied all the recoveries of the same group of acidic 
compounds (pKa < 6) decreased significantly ( 65% to 70%) for fenoprofen, 
ibuprofen and gemfibrozil, and 25% for naproxen. The decrease can be 
explained by the presence of organic matter as an initial band plus other 
interferences that appear along the chromatogram that partially mask the 
analytes studied, making them difficult to integrate and quantify.  
Figure 2 shows the chromatograms obtained after the on-line 
preconcentration of 250 ml of Ebre river water non-spiked (Fig. 2 a, c) and 
spiked with the analyte mixture at 0.4 μg l-1 (Fig 2. b, d) on HXLPP-WAX with 
(Fig. 2 a, b) and without (Fig. 2 c, d) the washing step of 1 ml of MeOH. By 
comparing the chromatograms with and without the washing step, it can be 
seen that the initial band decreases after the washing step which enables 
naproxen to be properly quantified and leads to the disappearance of almost all 
the interferences, some of which elute at the same retention time as fenoprofen 



























through reversed-phase interactions, since they were totally removed when the 
SPE protocol included the washing step with MeOH (which is only able to 
disrupt reversed-phase interactions of the interferences with the sorbent).  
Adding Na2SO3 solution to the sample is an alternative way of getting rid of 
the interferences, specially humic and fulvic acid, which appear in the form of a 
huge band at the beginning of the chromatogram [19]. Accordingly, we added 
2.5 ml of 10% (w/v) Na2SO3 solution for each 250 ml of Ebre river sample, 
which was then on-line SPE percolated through the HXLPP-WAX resin 
determining which of the two approaches (adding sulfite to the sample or 
washing the sorbent with MeOH) most decreased the initial band at the 
beginning of the chromatogram. However, under the conditions in this work 
(basic mobile phase, sample adjusted at pH 7 and detection at 210 nm), a huge 
band appeared at the beginning of the chromatogram. Therefore, we 
disregarded adding sulfite to the real sample In fact, in the present case the 
features of the mixed-mode WAX sorbent allows a washing step with MeOH, 
which successfully cleans the sample.  
In real water samples, the weak acidic compounds behaved similarly to as in 
the ultrapure water samples: that is, they were only slightly retained on the 
sorbent (%R 6 - 13%) and they completely washed out after the clean-up step 
(%R < 5%). The basic compounds, however, behaved differently when they 
were on-line percolated without the addition of the washing step. Metroprolol 
was not detected (probably due to the presence of competing organic matter), 
while it was 84% recovered under similar conditions in ultrapure water samples; 
antipyrine was masked behind the huge initial band that appears at the 



























the way it did in ultrapure water samples (i.e. it was only partially retained). The 
recovery values (Table 3) and the chromatograms (Fig. 2) show that the 
HXLPP-WAX sorbent performs appropriately when a washing step is included 
in the SPE protocol, and a group of acidic compounds (whose pKa < 6) can be 
selectively quantified at low levels by on-line SPE-LC-UV since the washing 
step effectively removes the interferences that mask the analytes.  
To further demonstrate the selectivity of the SPE method with the HXLPP-
WAX as sorbent, we then tested effluent WWTP, which is a more complex 
aqueous sample. Table 3 summarises the recovery values obtained when 100 
ml of effluent WWTP samples spiked with 1 μg l-1 analyte mixture were on-line 
preconcentrated through the HXLPP-WAX sorbent with and without the addition 
of 1 ml of MeOH as washing solvent. Similar to the Ebre river water (see Table 
3) when the sorbent was not washed with MeOH after the samples had been 
loaded, the acidic analytes (pKa < 6) were totally (0%, naproxen) or partially (40 
– 60%, fenoprofen, ibuprofen and gemfibrozil) masked by the interferences. On 
the other hand, when the washing step was included, the recoveries for all the 
acidic compounds were higher (the lowest recovery value was 82% for 
naproxen).  
To check the effectiveness of the washing step, Figure 3 shows the 
chromatogram obtained after the on-line preconcentration of 100 ml of effluent 
WWTP sample non-spiked (Fig. 3 a, c) and spiked with the 1 μg l-1 analyte 
mixture (Fig. 3 b, d) on HXLPP-WAX with (a and b) and without (c and d) the 
washing step with 1 ml of MeOH. In the non-spiked sample chromatogram, and 
without the washing step (Fig. 3c), we can see lots of peaks, two of which are at 



























chromatogram for the non-spiked sample including the washing step (Fig. 3a), 
we can see that most of the peaks corresponding to interferences disappear or 
decrease. At least this is the case of the peak at the same retention time as 
ibuprofen, suggesting that it was an interference attached to the sorbent by 
reversed-phase interactions. However, the peak at the same retention time as 
gemfibrozil still appeared after the washing step, which suggests that 
gemfibrozil might be present in this sample. In any case, detection with higher 
confirmatory power such as mass spectrometer is needed to confirm these 
observations.   
An added feature of using a mixed-mode ion-exchange sorbent with 
enhanced capacity (thanks to the HXLPP structure) is that large volumes of 
sample can be on-line preconcentrated, making the quantification of the 
analytes at lower levels possible. Moreover, the ionic moieties enable the 
washing step to be added, which, in turn, provides cleaner chromatograms and 
decreases the levels detected. Thus, HXLPP-WAX can on-line-SPEextract the 
studied analytes from 250 ml of river water or 100 ml of effluent WWTP 
samples. In our previous studies [18,20], higher volumes of sample (e.g. 300 ml 
of river water) were on-line percolated through hypercrosslinked resins 
synthesised in house. However, the chromatograms were full of interferences 
that prevented some of the studied analytes from being properly quantified. 
Likewise, when MIPs were used as sorbents, previous studies found that they 
were only able to extract in on-line SPE between 10 ml [21-23] and 50 ml [24] of 
river water sample.  
In a previous study [9] where the HXLPP-WAX was tested in the off-line SPE 


























mixture of pharmaceuticals (including the ones evaluated in the present study) 
or 250 ml of effluent WWTP sample spiked with 5 μg l-1 analyte mixture. The off-
line SPE method is more laborious and time-consuming method and included 
an evaporation step of the eluate to further enrich the analytes studied. 
Therefore, the on-line SPE-LC-UV method here described can selectively 
quantify a group of acidic compounds at lower levels than in the off-line 
methods in environmental water samples with an effective washing step that 
removes the interferences that might have masked the analytes.  
The on-line SPE-LC-UV method was validated using 250 ml of Ebre river 
water. All the acidic analytes (pKa < 6) showed good linearity (between 0.1 μg l-1 
and 5 μg l-1 for fenoprofen and gemfibrozil, and between 0.2 μg l-1 and 5 μg l-1 
for naproxen and ibuprofen) in all the instances and determination coefficients, 
r2 > 0.996. The LODs calculated as the response for which the signal-to-noise 
ratio was ≥ 3 were 0.05 μg l-1 for fenoprofen and gemfibrozil, and 0.1 μg l-1 for 
naproxen and ibuprofen. The repeatability and reproducibility (inter-day) of the 
method, expressed as the relative standard deviation (RSD) of three analyses 
of 250 ml of Ebre river water sample spiked at 0.4 μg l-1 were lower than 15% 
for all compounds. We should take into account that the reported LODs could 
be further decreased if more sensitive detection methods such as mass 
spectrometry (MS) or tandem MS/MS were to be used. These methods might 
feasibly be coupled to the present configuration since the extracts from the 
HXLPP-WAX sorbent are clean after the washing step, which might prevent ion 
enhancement/suppression during electrospray ionisation in the subsequent LC-
























The application of an on-line SPE-LC coupling using a mixed-mode 
hypercrosslinked resin modified with amine moieties (HXLPP-WAX) is 
described for the first time. This microsphere sorbent is able to selectively 
extract a group of acidic pharmaceuticals after an efficient washing step that 
removes the interferences bound by reversed-phase interactions to the sorbent.  
The on-line SPE protocol showed selectively and quantitatively extracted 
large volumes of ultrapure, river and sewage water samples with good 
recoveries and net chromatogram profiles.  
The method here developed establishes a basis for applying mixed-mode 
technology in on-line SPE-LC coupling which enhances the selectivity and 
sensitivity of automated analysis in one single step.  
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Table 1. % Recovery values of the analytes studied when the HXLPP-WAX 
sorbent was applied in the on-line SPE of 50 ml of ultrapure water 
spiked at 4 µg l-1 with the analyte mixture and with a washing step with 




  % Recovery 
  Volume MeOH (ml) 
Analytes pKa 0 0.25 0.5 1 1.5 
Naproxen 4.2 101 106 93 95 78 
Fenoprofen 4.5 101 92 91 86 72 
Ibuprofen 4.6 105 105 96 100 89 
Gemfibrozil 4.7 97 96 95 98 82 
DHMB 7.0 41 12 2 3 1 
BP-3 7.6 23 8 2 2 4 
Triclosan 8.0 11 1 1 1 0 
Benzylparaben 8.2 44 11 3 0 0 
Metroprolol 9.7 98 14 0 0 0 
Antipyrine  13.3 101 2 0 0 0 











































Table 2. % Recovery values of the analytes studied when the HXLPP-WAX 
sorbent was applied in on-line SPE for preconcentrating different 
volumes of ultrapure water spiked with the analyte mixture, either 
without a washing step or with a washing step involving 1 ml of MeOH. 
For the experimental conditions, see text. 
 
 
  % Recovery 
  100 ml 250 ml 500 ml 
Analytes pKa No wash Wash  
No 
wash Wash  
No 
wash Wash  
Naproxen 4.2 93 93 92 89 89 92 
Fenoprofen 4.5 90 92 92 88 91 86 
Ibuprofen 4.6 92 89 100 90 90 96 
Gemfibrozil 4.7 99 97 94 99 100 100 
DHMB 7.0 41 3 42 5 39 0 
BP-3 7.6 24 2 26 3 26 0 
Triclosan 8.0 19 5 20 0 22 0 
Benzylparaben 8.2 39 0 42 5 38 0 
Metroprolol 9.7 92 0 84 0 83 0 
Antipyrine  13.3 91 0 96 0 95 0 
Carbamazepine 13.9 67 0 67 0 60 0 
 














Table 3. % Recovery values when the HXLPP-WAX sorbent was applied in on-
line SPE for preconcentrating different real sample matrices spiked 
with the analyte mixture. For the experimental conditions, see text. 
 
 
  % Recovery 
  Ebre river  (250 ml) 
Effluent WWTP 
(100 ml) 
  0.4 μg l-1 1 μg l-1 
Analytes pKa No washa Wash  
No 
washa Wash  
Naproxen 4.2 25 86 masked 82 
Fenoprofen 4.5 65 85 40 83 
Ibuprofen 4.6 69 89 61 94 
Gemfibrozil 4.7 70 94 38 97 
DHMB 7.0 10 5 3 0 
BP-3 7.6 7 4 2 0 
Triclosan 8.0 6 0 0 0 
Benzylparaben 8.2 13 0 2 0 
Metroprolol 9.7 0 0 0 0 
Antipyrine  13.3 masked 0 masked 0 


























a % recovery values not properly quantified due to interferences that partially 
masked the compounds. 
% relative standard deviations (RSD) (n = 3) were lower than 8% when % 





Figure captions  
Figure 1. On-line SPE-LC set-up, being the mobile phase: organic (pure ACN) 
and aqueous (80% buffer that contains 28 mM NH4Cl and 50 mM NH4OH at pH 
9.2 / 20% acetonitrile (v/v).  
Figure 2. Chromatograms obtained after on-line trace enrichment using 
HXLPP-WAX of 250 ml of Ebre river water sample with (b,d) and without (a,c) 
the addition of 0.4 μg l-1 of the analyte mixture, with the washing step using 1 ml 
of MeOH (a,b) and without the washing step (c,d) 
Figure 3. Chromatograms obtained after on-line trace enrichment using 
HXLPP-WAX of 100 ml of effluent WWTP sample with (b,d) and without (a,c) 
the addition of 1 μg l-1 of the analyte mixture, with the washing step using 1 ml of 
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